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1  | INTRODUC TION
Wetland	ecosystems	 include	a	wide	variety	of	 fresh	and	saltwater	






affect	 the	survival	and	functioning	of	wetland	plants.	 In	 response,	
wetland	plants	have	developed	a	suite	of	adaptive	traits,	 including	
tolerance	and	escape	traits,	to	waterlogging	or	inundation	and	other	
conditions	 characteristic	 of	wetlands	 (DeLaune	&	Pezeshki,	 2001;	





trait-based	wetland	ecology.	 In	 contrast,	 leaf	 economics	 spectrum	
(LES)	 traits	 such	as	 leaf	nitrogen	 (leaf	N),	 leaf	phosphorus	 (leaf	P),	
specific	leaf	area	(SLA)	and	photosynthetic	rate	(Amass or Aarea)	have	
received	more	attention,	but	do	not	include	those	traits	that	are	con-










recent	 review	paper	 (Moor	 et	 al.,	 2017)	 carefully	 reviewed	both	
wetland	 adaptive	 traits	 and	 LES	 traits	 as	well	 as	 their	 effect	 on	
ecosystem	functioning,	and	 the	authors	suggested	not	 to	simply	
employ	 the	 LES/plant	 economics	 spectrum	 (PES)	 to	 understand	




how	 these	 two	 groups	 of	 traits,	 if	 taken	 as	 the	 two	major	 trait	
axes,	 position	 in	 relation	 to	 each	other.	 In	 other	words,	 it	 is	 im-





The	 adaptive	 response	 and	 the	 physiological	 mechanisms	 of	
adaptive	 strategies	 to	 wetland	 conditions	 have	 been	 carefully	
examined	 in	 ecophysiological	 studies,	 which	 have	 shown	 adap-
tation	 in	 traits	 in	 relation	 to	 root	morphology	and	plant	physiol-
ogy	(Colmer,	2003a;	Laan,	Berrevoets,	Lythe,	Armstrong,	&	Blom,	
1989;	van	Bodegom	et	al.,	2005).	For	 instance,	plants	can	adapt	
to	 cope	 with	 the	 oxygen	 deficiency	 associated	 with	 waterlog-
ging/flooding	 by	 developing	 adventitious	 roots	 or	 aerenchyma	
in	 shoots	or	 roots	 (Blom	et	 al.,	 1994;	 Justin	&	Armstrong,	1987;	
Wright	et	al.,	2017),	or	enhancing	root	porosity	(Garthwaite,	von	
Bothmer,	 &	 Colmer,	 2003;	 Justin	 &	 Armstrong,	 1987).	 Likewise,	
radial	 oxygen	 loss	 (ROL)	 protects	 plant	 roots	 from	 anaerobic	
stress	 (Lemoine,	 Mermillod-Blondin,	 Barrat-Segretain,	 Massé,	 &	
Malet,	 2012),	 whereas	 barriers	 to	 ROL	 in	 basal	 zones	 enhance	






iment-based	assessment	of	one	 individual	 trait	 for	a	 few	species	
at	 a	 time.	Unfortunately,	 it	 is	 rather	 difficult	 to	 scale	 up	 results	
from	such	detailed	studies	to	the	impacts	of	different	plants	and	
communities	 on	 wetland	 ecosystem	 functioning.	 Therefore,	 we	
need	to	integrate	these	ecophysiological	traits	into	a	more	general	
ecological	framework	(Figure	1a).
There	 is	 some	 circumstantial	 evidence	 that	 wetland	 adap-
tive	traits	may	be	orthogonal	to	(i.e.,	 independent	of	or	decoupled	
from)	 LES/PES:	 wetland	 adaptive	 traits	 are	 the	 premise	 of	 plant	
existence	 in	wetlands	since	 they	are	vital	 to	 the	survival	of	plants	
under	hazardous	anaerobic	conditions.	Based	on	that	premise,	one	
may	 expect	 trait	 selection	 processes	 in	wetlands	 to	 be	 strong.	At	
























generic	 trait-based	 approaches	 has	 formed	 a	 barrier	 to	 the	 direct	
employment	of	trait-based	methods	to	wetland	ecosystems	to	date,	
we	propose	that	a	more	comprehensive	understanding	of	wetland	







2  | LITER ATURE RE VIE W ON THE 
REL ATIONSHIPS BET WEEN WETL AND 
ADAPTIVE TR AITS AND LES/PES TR AITS
Some	trade-offs	among	wetland	adaptive	traits	and	nutrient	uptake	
have	 been	 described.	 In	 general,	 wetland	 plants	 may	 experience	
more	nutrient	 stress	 than	other	plants	under	 similar	 conditions	of	











inhibits	 nutrient	 transport	 (Hu,	 Henry,	 Brown,	 &	 Lynch,	 2014).	









plant's	 adaptation	 to	water	 stress.	 For	 example,	 community	mean	
SLA	increased	with	flooding,	suggesting	that	SLA	contributed	to	the	
plant's	waterlogging	 tolerance	 (Violle	et	 al.,	 2011).	Also,	Mommer,	
Wolters-Arts,	Andersen,	Visser,	 and	Pedersen	 et	 al.	 (2007)	 found,	
across	 nine	 species,	 that	 the	 internal	 oxygen	 partial	 pressure,	 the	
trait	that	enhances	waterlogging	tolerance	in	plants,	was	positively	
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correlated	 to	 SLA	 and	 negatively	 correlated	 to	 leaf	 thickness	 and	
cuticle	 thickness	 (while	plasticity	 in	 these	 traits	was	not).	Another	
extensive	meta-analysis,	comparing	tens	of	species,	suggested	that	
the	link	between	tolerance	to	oxygen	stress	and	SLA	response	was	
significant	 but	 rather	weak	 (Douma,	 Bardin,	 Bartholomeus,	 &	 van	
Bodegom,	2012).
While	 the	 examples	 above	 suggest	 some	 coordination	 for	 in-
dividual	 trait	 sets,	when	analysing	 tolerance	 towards	waterlogging	






lated	 traits	 (waterlogging	 tolerance)	might	be	decoupled	 from	 leaf	
economics	traits	(shade	tolerance).	Also,	the	fact	that	environmental	
drivers	of	the	LES/PES	traits	are	different	from	those	driving	wet-






3  | E XPLOR ATION OF THE 
REL ATIONSHIPS BET WEEN WETL AND 
ADAPTIVE TR AITS AND LES/PES TR AITS
To	 quantitatively	 explore	 the	 so	 far	 rather	 anecdotal	 and	 possibly	
contradictory	 relationships	 between	 wetland	 adaptive	 traits	 and	
LES/PES	traits,	we	analysed	a	number	of	non-exhaustive	published	






















ity	 (following	 a	 gradient	 of	 acquisitive	 to	 conservative	 strategies)	
at	the	 interspecific	 level	 (Maire	et	al.,	2015;	Ordoñez	et	al.,	2009).	
To	test	the	relationships	between	root	porosity	and	leaf	N,	we	col-
lated	data	from	three	sources	where	both	variables	were	measured	
on	 the	 same	 individuals	 (see	 Supporting	 Information	Appendix	 S1	
for	further	details):	 (a)	glasshouse	experiment	in	which	six	wetland	










A	 linear	 regression	 between	 leaf	N	 and	 (log-transformed)	 root	
porosity	 (Figure	 2)	 showed	 that,	 despite	 a	 significant	 correlation	
(p	<	0.01),	 the	 very	 low	R2	 (adjusted	 r2 = 0.030; n	=	267)	 indicates	
that	only	3%	of	 the	variation	can	be	explained	by	 the	model.	At	a	
high	sample	size—such	as	here—a	significant	 relationship	does	not	
necessarily	 imply	 ecological	 relevance	 (Møller	 &	 Jennions,	 2002;	
Yoccoz,	1991).	The	 low	effect	size	effectively	 represents	a	decou-
pling	(Figure	2).




metal	 concentration	 and	water	 regime	 gradients	 (van	Bodegom	et	
al.,	2005).	To	be	able	to	test	this	relationship,	and	because	ROL	data	
were	heavily	zero-inflated	(92	out	of	209	measurements	showed	no	










pled	 relationships	 between	 wetland	 adaptive	 traits	 and	 LES/PES	
traits	may	exist.	Such	decoupling	indicates	that	the	cost	of,	for	ex-
ample,	root	porosity	formation	might	be	relatively	 low	for	wetland	
plants	 and	 that	 a	 higher	 transportation	 capacity	 of	 oxygen	 to	 the	
rhizosphere	(ROL)	does	not	necessarily	impede	the	nitrogen	uptake	
capacity	 or	 the	 nitrogen	utilization	within	 plants,	 and	 (b)	 almost	 a	
full	 range	 of	 leaf	 N	 was	 covered	 (3.4	 to	 60.3	mg/g)	 compared	 to	
the	leaf	N	range	of	terrestrial	plants	world-wide	(2.48–68.98	mg/g)	
(Diaz	et	al.,	2016).	This	full	range	of	leaf	N	in	wetland	plants	suggests	
that	 adaptation	 to	wetland	 conditions	 is	 not	 necessarily	 costly	 (in	
agreement	with	Figure	1b).	This	 is	 also	 supported	by	evolutionary	
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evidence:	aquatic	species	have	evolved	at	least	200	times	from	ter-
restrial	species	(Cook,	1999).
Another	 type	 of	 adaptive	 traits	 relates	 to	 the	 tolerance,	 rather	
than	avoidance	or	escape,	of	stressful	conditions	in	wetlands.	As	a	key	








expressing	 these	 true	 iron	 tolerance	mechanisms,	we	used	 the	 iron	
tolerance	index	proposed	by	Snowden	and	Wheeler	(1993)	as	a	proxy	






























4  | SC ALING FROM WETL AND PL ANT 
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et	 al.,	 2014;	Zedler,	 2003),	more	and	more	attention	 is	being	paid	
to	 understanding	 wetland	 ecosystem	 functioning.	 Trait-based	 ap-
proaches	have	been	applied	to	characterize	plant	strategies	and	their	
effects	on	ecosystem	 functioning	of	wetlands	 (Moor	et	 al.,	 2017),	
but	 such	 studies	 have	 mainly	 focused	 on	 LES/PES	 traits	 (Douma	
et	al.,	2012).	However,	given	the	unique	adaptive	traits	 in	wetland	
ecosystems,	 these	 need	 to	 be	 additionally	 considered	 to	 fully	 un-









PES	 traits	can	 thus	 improve	our	understanding	of	denitrification	
and	methane	production,	which	 is	 important	 for	 the	 sustainable	
management	of	wetlands,	 including	the	reduction	of	greenhouse	
gas	 emissions	 by	 wetlands	 and	 the	 relief	 of	 eutrophication	 in	
wetlands.
In	 addition	 to	 affecting	 the	 functioning	 of	wetlands,	wetland	
adaptive	 traits	may	 also	 affect	 the	 community	 structure	 of	wet-











Radial	 oxygen	 loss	 also	 contributes	 to	 community	 composition	
in	 a	 more	 direct	 way,	 through	 its	 coupling	 of	 the	 nitrification	 and	
denitrification	processes.	Compared	to	cases	 in	which	ROL	is	absent,	






grow	 less	effectively	 in	such	an	environment.	As	a	consequence,	 the	
community	of	stress-tolerating	plant	species	that	grow	less	quickly	at	
high	nutrient	levels	may	remain	more	stable	(Adema	&	Grootjans,	2003).
This	 feedback	 loop	 between	 ROL	 and	 denitrification	 is	 further	
complicated	 because	 both	 ROL	 (through	 oxygen	 supply	 for	 nitrifi-
cation)	 and	 LES/PES	 traits	 by	 a	 combination	 of	 direct	 and	 indirect	

































them	 quantitatively	 to	 better	 understand	 the	 nature	 and	 patterns	
of	this	relationship.	Specifically,	such	analysis	may	test	the	hypoth-
esis	 that	 tolerance	 traits	may	 be	 coupled	while	 avoidance	 and	 es-
cape	traits	are	not.	Second,	the	drivers	determining	the	selection	of	
these	different	 trait	 sets	will	have	 to	be	analysed.	Third,	based	on	
an	understanding	of	which	traits	do	and	which	do	not	couple	to	LES	
traits	and	under	which	conditions,	combined	with	knowledge	on	how	
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adaptive	 traits	 and	 LES/PES	 traits,	 and	 provide	 a	 first	 glimpse	
at	 the	 complex	 character	of	 adaptation	 in	wetland	ecosystems.	
Further	unravelling	the	relationships	between	the	two	suites	of	
traits	will	be	critical	 to	understanding	wetland	ecosystem	func-
tioning,	 especially	 for	 those	 processes	 to	 which	multiple	 traits	
contribute,	 such	 as	 denitrification	 and	methane	 emissions,	 and	
that	 are	 globally	 important	 processes	 of	 greenhouse	 gas	 emis-
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